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Some experiments indicate that ladybirds can significantly suppress aphid abundance.
For example, exclusion of predators by caging aphid-infested plants repeatedly results
in higher aphid populations and faster aphid population growth rates. However,
aphidophagous ladybirds have never proved effective in controlling aphid populations
in the field, which is consistent with the theoretical prediction that long-lived predators
cannot be effective in controlling a short-lived prey (the generation time ratio hypothesis,
GTR). To resolve this paradox, field experiments, involving two species of ladybirds,
Coccinella septempunctata bruckii and Harmonia axyridis were used to determine their
efficiency in suppressing populations of the aphid, Aphis gossypii, on small shrubs of
Hibiscus syriacus under natural conditions. Instead of by caging, the effect of each
ladybird species on aphid population dynamics was determined by removing all the eggs
ofC. septempunctata from 8 shrubs, those ofH. axyridis from a further 8 shrubs, all those
of both species from an additional 12 shrubs and leaving the eggs on 6 control shrubs.
These predators did not have a negative effect on the peak numbers of the aphids. Thus,
one should be cautious when interpreting the results of cage experiments, used to assess
the efficiency of predators in reducing the abundance of their prey.
Keywords: biological control, generation time ratio, population dynamics, predator-prey systems, ladybirds,
aphids
Introduction
The outstanding success of the ladybird beetle, Rodolia cardinalis Mulsant in controlling the
cottony-cushion scale, Icerya purchasi Maskell, an important pest of citrus in California late
in the nineteenth century, resulted in the widespread use of ladybirds as biocontrol agents
(Dixon and Kindlmann, 1998). Predaceous coccinellids are more often used as a symbol of
biological control than any other taxon (Hodek, 1973; Klausnitzer and Klausnitzer, 1979;
New, 1991; Majerus, 1994; Hodek and Honek, 1996; Jervis and Kidd, 1996; Obrycki and
Kring, 1998). However, despite the initial optimism (Hagen and van den Bosch, 1968; Hodek,
1970, 1973), ladybirds have never proved effective in controlling aphids (Hagen, 1974; Gor-
don, 1985; Obrycki and Kring, 1998; Iperti, 1999; Dixon, 2000). It is therefore surprising that
many quantitative assessments indicate that coccinellids can substantially suppress aphid den-
sity below the predator-free value (e.g., Chambers et al., 1983; Michels et al., 2001; Symond-
son et al., 2002; Basky, 2003; Cardinale et al., 2003; Snyder et al., 2008, 2004; Klausnitzer
and Klausnitzer, 1979; Thies et al., 2011). This apparent contradiction needs to be resolved.
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The explanation is evident in the case of assessments that rely
on a correlation between prey and predator densities (e.g., Hat-
tingh and Samways, 1994; Elliott and Kieckhefer, 2000; Basky,
2003; Freier et al., 2007), as such correlations are not causal: high
abundance of predators at locations where prey is abundant does
not necessarily mean that these predators regulate prey abun-
dance (Hughes, 1973). In some studies correlations between the
predator-to-prey ratio and predator density are analyzed (Zhao
et al., 2013a,b), but not the direct effect of natural enemies on
prey. However, correlations do not prove a causal effect.
Less easy to explain are the results obtained using exclusion
techniques, such as cages, which are frequently used for evaluat-
ing the effect of natural enemies (Luck et al., 1988). The growth
rates and peak densities of aphid populations within cages that
exclude natural enemies are usually larger than those in uncaged
populations (e.g., Chambers et al., 1983; Elliott and Kieckhefer,
2000; Michels et al., 2001; Basky, 2003; Cardinale et al., 2003;
Schmidt et al., 2003; Thies et al., 2011) or cages with ladybirds or
other predators (Messina and Sorenson, 2001; Snyder et al., 2004,
2008). However, cages change the microenvironment (Hand and
Keaster, 1967), especially temperature, which is thought to be
important in determining the outcome of predator-prey interac-
tions (Frazer and Gilbert, 1976; Frazer et al., 1981). Even more
importantly, cages prevent aphids from emigrating, which is their
usual response to high density (Dixon, 1998, 2005). Some exclu-
sion cages, like those used by Schmidt et al. (2003) and Thies
et al. (2011) do not even exclude predators and therefore the
results obtained using such cages are seriously flawed (Ameixa
and Kindlmann, 2011). Interestingly, when only polythene enclo-
sures, 60 cm high, buried to a depth of 30 cm, and not cages, were
used (Holland et al., 1996), which do not affect the microenvi-
ronment of the manipulated plots, allow aphids to emigrate, but
exclude ground predators, there was no difference in the num-
ber of grain aphids in control plots and those where the number
of ground predators were reduced. Thus, the results from exclu-
sion or inclusion experiments, using cages, must be interpreted
with caution (Luck et al., 1988) and those obtained by Schmidt
et al. (2003) and Thies et al. (2011) cannot be considered as
proof of predator efficiency because the cages they used are not
impermeable to predators.
Hand removal as a means of assessing the effectiveness of nat-
ural enemies is rarely used because it is labor intensive (Luck
et al., 1988). However, this method has much less of a secondary
effect on the prey population than caging. In this study the eggs of
two species of ladybirds, Coccinella septempunctata bruckii Mul-
sant (Coleoptera: Coccinellidae) and Harmonia axyridis Pallas
(Coleoptera: Coccinellidae) were removed in order to determine
their effectiveness in suppressing populations of the cotton aphid,
Aphis gossypii Glover (Homoptera: Aphididae), on small shrubs
of Hibiscus syriacus L. under natural conditions. These predators
did not have a negative effect on the peak numbers of their prey.
Theory—the GTR Hypothesis
From an evolutionary perspective, both predator and prey strive
to maximize their reproductive potentials. However, whilst the
existence of prey is not dependent on predators the latter are
dependent on prey. Therefore, it is advantageous for predators
to conserve their prey. Thus, for predators the optimal strategy
involves counteracting pressures to maximize their own repro-
duction and survival with conserving enough prey to sustain
a sufficient food supply for its offspring. This is very nicely
exemplified by long-lived insect predators feeding on short-lived
prey (Dixon and Kindlmann, 1998; Kindlmann and Dixon, 1999,
2001). As most of these predators suffer enormous egg and larval
mortality due to cannibalism and intraguild predation, selection
acts mainly on optimizing their oviposition strategies in terms of
maximizing the likelihood that their offspring will survive until
reproductive age. The oviposition strategy of a predator with a
long larval developmental time will depend on a longer projec-
tion of the future prey abundance in a patch, bearing in mind
there are likely to be more bottlenecks or a higher probabil-
ity of a bottleneck than for predators with short developmen-
tal times, and consequently they must be more conservative in
terms of conserving their prey (the GTR hypothesis, Dixon and
Kindlmann, 1998; Kindlmann and Dixon, 1999, 2001).
Aphidophagous predators are a good example. Their prey live
in colonies, which are characterized by an initial rapid increase
followed by an equally rapid decline in abundance resulting in
extinction of the colony. The decline is not caused by predators
or parasites, even if they contribute to it. Instead, aphids cause the
decline by strongly reacting to their own density and switching to
producing migrants, which look for another more suitable host.
Thus, when the aphid density is high, most of the newborn leave
the colony immediately after reaching adulthood. The dynamics
of different colonies is not synchronized in time, as they feed on
different host plants with different phenologies. At a large spa-
tial scale, at any instant, populations of aphids exist as patches of
prey, associated with patches of good host plant quality. That is,
aphid predators exploit patches of prey that vary greatly in qual-
ity both spatially and temporally and have evolved a strategy for
optimally exploiting aphids (Dixon, 2000, 2005).
Adults of aphid predators are winged, can easilymove between
patches and therefore are able to find patches containing an abun-
dance of prey. Thus, in terms of the predator’s fitness the avail-
ability of energy is not a limiting factor. Its immature stages are
confined to one patch and if this contains few aphids they starve
and eat each other. Mortality of immature stages due to starva-
tion, cannibalism or intraguild predation is enormous: 98–99%
and is mainly a consequence of low numbers of prey at any time
during larval development. Thus, egg and larval cannibalism is
adaptive in these predators, as eating conspecific competitors will
increase the likelihood of survival of their larvae (Dixon, 2000,
2005).
Because of the immense egg and larval mortality, selection
acts mainly on optimum oviposition strategies, which are those
that ensure the maximum likelihood that their offspring will sur-
vive rather than maximization of the amount of food eaten by
the predator per unit time. The optimum oviposition strategy
of the adult is therefore determined mainly by expectations of
future bottlenecks in prey abundance, as these will affect survival
of its offspring, more than the number of prey present in a patch,
because adults are not limited by the amount of food as they can
find another colony (Kindlmann and Dixon, 1999, 2001).
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A good long-term forecast of the quality of a prey colony
becomes especially important for ovipositing predators if the
ratio of generation time of the predator to that of the prey (gen-
eration time ratio, GTR) is large. This is because the oviposition
strategy of a predator with a long larval developmental time will
depend on a longer projection of the future prey abundance in
a patch, which is dependent on more bottlenecks or a higher
probability of a bottleneck than that of a predator with a short
developmental time, and consequently must be more conserva-
tive in terms of conserving their prey. As a result, such predators
tend to be less effective in controlling their prey.
Aphid predators are a good example of this hypothesis, as their
developmental time often spans several aphid generations, dur-
ing which the aphid numbers vary dramatically. Laying eggs in
the presence of conspecific larvae is strongly selected against in
these predators, because it results in the eggs being eaten by older
conspecific larvae. In addition, laying eggs late in the develop-
ment of an ephemeral patch of prey is maladaptive, as there is
insufficient time for all the larvae to complete their development.
Thus, eggs laid by predators late in the existence of a patch of
prey are at a disadvantage, as they are highly likely to be eaten by
larvae of predators that hatch from the first eggs to be laid.
Empirical data indicate that several different species of aphid
predators have evolved mechanisms that enable them to oviposit
preferentially in patches of prey that are in an early stage of devel-
opment and avoid those that are already being attacked by lar-
vae. Females of these species strongly react to the smell of larval
tracks of their own species or of other aphid predators by imme-
diately ceasing oviposition and leaving the aphid colony. This
response strongly reduces the number of eggs laid per patch and
consequently their effectiveness in regulating the abundance of
aphids.
Methods
The study site was located on the Yamagata University farm (Tsu-
ruoka, Yamagata pref., 38◦ 43′N, 139◦ 49′E) and consisted of
about 100 shrubs of H. syriacus L., which is the primary host
of the cotton aphid, A. gossypii Glover. At this site, this aphid
is mainly attacked by two species of ladybird: C. septempunctata
bruckiiMulsant andH. axyridis Pallas (Yasuda and Shinya, 1997).
We selected 34 similar-sized shrubs for the manipulative
experiment. After identification to species but before hatching,
we removed all the eggs and adults of C. septempunctata bruckii
over a period of 2 years from 8 shrubs, those of H. axyridis from
another 8 shrubs, those of both species from an additional 12
shrubs, and no eggs from the remaining 6 control shrubs. Sticky
bands were placed at the bottom of each shrub in order to prevent
larvae from other shrubs colonizing the experimental shrubs.
It is difficult to identify coccinellids at the egg stage because
they are often similar in size, color and number in a batch. There-
fore, we removed a few eggs from each egg mass and placed them
in Petri dishes kept at 25◦C and a 14L:10D photoperiod in the
laboratory, and identified to species when the larvae hatched.
Eggs reared in the laboratory hatched earlier than those left on
the shrubs, which enabled the removal of ladybird eggs from the
experimental shrubs before hatching.
The shrubs were sampled 14 times during 2000 (May 24–June
25) and 43 times during 2001 (May 2–June 13). The numbers of
aphids per 15 randomly selected leaves and of all the species of
predator found on the shrubs were counted.
We used Two-Way ANOVA for testing the effect of year and
treatment on the peak numbers of aphids.
Results
On average, 12.9 egg batches ofH. axyridis and 13.9 of C. septem-
punctata bruckii were laid on each shrub in 2000 and 2001.
Almost no parasitized aphids were observed. The resulting peak
numbers of aphids are shown in Figure 1 and their averages
are presented in Table 1. The results indicate that the presence
of predators had no significant effect on the peak numbers of
aphids (Two-Way ANOVA gives F = 95.8, P = 0.002 for
the effect of year and F = 4.95, P = 0.11 for the effect of
predator removal), despite the large numbers of ladybird larvae
that hatched on shrubs, from which predators were not removed
(Table 1).
In addition to C. septempunctata bruckii and H. axyridis,
3 other species of ladybird: Propylea japonica, Scymnus posti-
calis and S. hoffmanni, which are smaller than C. septempunc-
tata bruckii and H. axyridis, and unidentified species of syrphids
and spiders, were found on the shrubs. The numbers of these
predators were low in the 2 years, except for S. posticalis in 2000.
2000
0
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No predators Ha absent C7 absent Control
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0
1000
2000
3000
4000
5000
6000
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No predators Ha absent C7 absent Control
FIGURE 1 | Peak numbers of aphids per 15 leaves on shrubs from
which eggs of all predators were removed (No predators), only
C. septempunctata bruckii eggs and adults were removed (C7 absent),
only H. axyridis eggs and adults were removed (Ha absent) and no
eggs or adults were removed (Control).
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TABLE 1 | Average peak numbers (± SD) of aphids per 15 leaves and mean numbers (± SD) of larvae of H. axyridis (Ha) and C. septempunctata bruckii
(C7) per shrub in the different treatments in 2000 and 2001.
2000 2001
No predators Ha removed C7 removed Control No predators Ha removed C7 removed Control
Aphids 1571 ± 657 785 1359 ± 717 1759 ± 706 3970 ± 2275 2818 ± 1960 4649 ± 1030 4392 ± 400
H. axyridis 0 0 421 ± 214 75 ± 67 0 0 359 ± 161 456 ± 124
C. septempunctata 0 46 0 263 ± 106 0 124 ± 12 0 93 ± 76
There is no SD for treatment “Ha removed” in 2000 as there was only one shrub in this treatment.
Discussion
In this study, the most abundant species of ladybirds, C. septem-
punctata bruckii and H. axyridis, did not have a negative effect
on the peak numbers of aphids. Interestingly, the mean peak
numbers of aphids on the control shrubs, where both species
of predator were present, were consistently greater, although not
significantly so, than those on the shrubs from which one or both
species of predator were removed (Table 1).
H. axyridis is a top predator in this system (Dixon, 2000; Sato
et al., 2008). Thus, intraguild predation could have weakened
the negative influence of C. septempunctata bruckii on aphid
abundance, and resulted in larger aphid populations. That this
may be the case is shown in Figure 1 and Table 1: removal of
H. axyridis apparently resulted in a reduced (smaller peaks) aphid
abundance. However, even in this case, the negative influence of
C. septempunctata bruckii on aphid peak abundance was weak
and not statistically significant.
It is also unlikely that the other species of predators present
affected the outcome, as they were all too rare and too small to
have any effect on aphid dynamics. Similarly, parasites were also
very rare in this system. All this supports the conclusion that the
efficiency of natural enemies, when measured using cage experi-
ments, is likely to be overestimated, as the cages prevent the prey
from emigrating, which is a common response to high densities
in many herbivores, including aphids.
The low effectiveness of ladybirds was not because they
were rare in this system. There were on average 225 lady-
bird larvae in 2000 and 234 ladybird larvae in 2001 on each
shrub (Table 1), each able to consume between 10 and 100
aphids per day (Hukusima and Kamei, 1970), which is suffi-
cient to potentially consume all the aphids on a shrub within a
few days.
The low efficiency of insect predators, especially aphi-
dophagous ladybirds that feed on highly aggregated and
ephemeral patches of prey such as aphid colonies, is supported
by recent theoretical predictions. Kindlmann and Dixon (1999,
2001) proposed that the ratio of the generation time of insect
predators to that of their prey (generation time ratio, GTR) is
a good predictor of the effectiveness of a natural enemy in sup-
pressing its prey. According to their hypothesis, when GTR is
large, the natural enemy is unable to significantly reduce the
abundance of its prey. This hypothesis is supported by the results
of an empirical study of Mills (2006). In the system studied here
the developmental times of the aphids and ladybirds are about
7 and 30–35 days, respectively. That is, in this system the GTR
is about 4–5, which indicates that these predators should have
little effect on aphid abundance (Kindlmann and Dixon, 1999,
2001).
The mechanism underlying GTR has been well studied both
in the laboratory and the field. A major factor in this is density
dependent cannibalism, which serves to regulate predator abun-
dance (Dixon, 2000; Dixon and Kindlmann, 2012). The results
reported here support the prediction of the GTR hypothesis.
However, the generality of the prediction needs to be tested by
hand removal of natural enemies from other predator-prey sys-
tems. If these experiments confirm that the low efficiency of
predators in suppressing prey populations in predator-prey sys-
tems with a GTR greater than one is the norm and not restricted
to ladybird-aphid systems, then the general view, largely based
on the results of cage experiments, that insect predators regu-
late the abundance of their prey, will have to be reconsidered.
Although tedious, hand removal of predators from a system in
which the prey are free to leave is a more reliable means of assess-
ing the effectiveness of predators in reducing the abundance of
their prey.
Few shrubs were used in this experiment. This is understand-
able, bearing in mind the labor involved in counting all the
aphids, eggs, larvae etc. on the shrubs. Therefore, the statistical
tests are not very strong. However, our aim was to show that in
the absence of predators the peak numbers of aphids were not
larger, as would be the case if the GTR hypothesis was invalid. It is
commonly assumed that predators must have a significant effect
on the abundance of their prey. The GTR hypothesis claims the
contrary with predators having a negligible effect on the abun-
dance of their prey in systems with a large GTR. Therefore, the
results presented in this paper are in accordance with the predic-
tions of the GTR hypothesis. Those believing in a strong effect
of predators on their prey in systems with a large GTR need to
present a stronger case based on more reliable results than those
based on the exclusion cage experiments of Schmidt et al. (2003)
and Thies et al. (2011). In addition, they need to explain why the
GTR hypothesis is wrong.
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